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Abstract 
Searching for new reagents and reactions for pre-combustion desulfurization of coal was 
the goal of this work. In this study, modifications of mild desulfurization reactions, 
which were found to work with organosulfur model compounds, have been investigated 
systemetically for improvements in sulfur removal and reduction of reagent cost. The 
screening of reagents and new reactions utilized substituted thiophenes plus aryl sulfides 
as the initial models for organosulfur compounds in coal. Tetrahydrofuran extracts of 
Illinois Basin Coals were also used as second generation targets for desulfurization reac-
tions. 
Dibenzothiophene was converted to biphenyl using potassium metal/tetrahydrofuran 
without the addition of electron transfer agents. Similar desulfurization reactions of 
tetrahydrofuran extracts of Illinois Basin coals gave up to an 82.8% reduction in organo-
sulfur content. A soluble chlorovinyl nickel complex added to the reaction increased the 
desulfurization to 85.6%. 
Attempts to produce active desulfurization reagents from iron pentacarbonyl with reduc-
ing agents in alcohol solvents (conditions for the production of [H-Fe(C0)4r 1) did not 
lead to useful desulfurization of dibenzothiophene, benzothiophene or benzyl sulfide. 
Tetrabutylammonium hydroxide in aprotic solvents is known to react with elemental 
sulfur to produce trisulfide anion radical by the single electron transfer pathway. Reac-
tion of tetrabutylammonium hydroxide with dibenzothiophene in aprotic solvents led to 
large amounts of unreacted starting material and gave no evidence of hydrocarbon 
products. 
Desulfurized products bibenzyl, biphenyl, and 2-phenyl phenol were produced by reac-
tion of benzyl phenyl sulfide using potassium hydroxide/n-butyl lithium/18-crown-6 in 
dimethyl sulfoxide. No desulfurization of dibenzothiophene was observed using the 
same reaction system. 
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Chapter I 
Introduction and Background 
The United States has about a third of the world coal reserve that can be utilized for 
several hundred years, in contrast with the petroleum resources in the U.S. It can be 
expected that the future will see the increasing use of coal as a substitute for oil as fuel 
supply. However, this shift from oil to coal is hampered by the high sulfur contents in 
the coal. According to current and pending U.S. Federal regulations, the burning of high-
sulfur coal will require either pre-combustion removal of up to 90% of the sulfur in the 
coal or the use of post-combustion stack gas scrubbing. Since the latter choice is both 
difficult and expensive, a major breakthrough in cleaning of high-sulfur coal mainly 
depends on the pre-combustion desulfurization. 
Sulfur forms in coals are scientifically classified into: (1) pyritic sulfur, (2) sulfatic sulfur, 
and (3) organic sulfur. However, as the names imply, an understanding of sulfur compo-
sition in coal, especially at the molecular level, has not yet been achieved. The procedure 
for determination of the sulfur content in coal is according to ASTM D-2492.1 
Through the research of previous workers, great success has been achieved in the 
removal of mineral forms of sulfur (mainly pyrite) from coal. For instance, various 
mechanical methods for coal cleaning now in use or near commercialization are able to 
remove 80% or more of the mineral sulfur from coai.2-4 However, mineral forms of 
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sulfur often constitute only half of all sulfur present.5•6 So, in order to achieve the neces-
sary degree of cleaning of coal, pre-combustion desulfurization must remove both miner-
al and organic forms of sulfur. Unfortunately, because of the lack of a chemical strategy 
for the selective cleavage of the carbon-sulfur bond in the matrix of coal, the removal of 
organic sulfur from coal for the purpose of pre-combustion desulfurization still remains a 
very serious challenge. 
Unlike the mineral forms of sulfur in coal, organic sulfur, which is chemically bonded to 
the matrix of the coal, can not be removed from coal by simple physical cleaning or 
solvent extraction.7 In earlier work at Eastern Illinois University,7 simple solvent extrac-
tion methods were shown to be unable to selectively remove the organic content of sulfur 
from coal. Through research on perchloroethylene extraction of coal, it was shown that 
pyrite, not organosulfur compounds, is the source of the S0 extracted by perchloroethyl-
ene. And, within experimental error, almost no organic sulfur was removed by perchloro-
ethylene extraction.7 Therefore, selective chemical reactions will be necessary for pre-
combustion desulfurization. 
Various methods have been investigated for the removal of the organic sulfur from coal. 
A very severe desulfurization process involves molten caustic leaching of coal. 8 In the 
first step, the coal is leached with molten sodium hydroxide or sodium hydroxide-potas-
sium hydroxide mixtures at 370-390°C for several hours. During this process, most 
minerals in the coal are converted to soluble alkali-metal salts and the sulfur-containing 
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organic components of coal are converted to soluble sulfides.9 After leaching, the caus-
tic-treated coal is washed with water, dilute acid, and then again with water to remove the 
soluble sulfides. There is a 90% reduction in the sulfur content. 8 Another chemical 
method for desulfurization exploits the chlorinolysis of coal. 10 The coal is mixed with 
carbon tetrachloride and water and is heated at 65-70°C in the presence of dichlorine. 
The chlorinated coal is hydrolyzed at 70-80°C for 2 hours and then dechlorinated at 350-
4000C in the presence of steam. The sulfur content of the coal sample is decreased about 
50% by this method. 10 Another recent publication describes a desulfurization reaction 
that employs alkoxides in refluxing alcohols.11 The coal is treated with sodium alkox-
ides in aliphatic or benzylic alcohols for a short time and then washed thoroughly with 
hot water. These reactions are carried out at atmospheric pressure. Sulfur removal from 
the four Indian coals from the Makum Coalfield, Assam, India, approached 50%.11 
Further progress in the area seems to be contingent upon the elaboration of new chemical 
strategies for selective desulfurization. Accordingly, Stock and his co-workers have 
investigated an alternative mild and selective approach for desulfurization that is based 
upon the well-known concept that single electron transfer (SET) reactions of a variety of 
sulfur compounds occur readily and that the carbon-sulfur bonds in the anion radicals that 
are obtained in these reactions are fragile and cleave, (1).4 There is considerable prece-
PhSPh + K ---> K+ + PhSPh- ---> K+ + Phs- +Ph· (1) 
dent for the employment of this kind of strategy. 12-22 To illustrate, dibenzyl sulfide and 
benzyl phenyl sulfide undergo cleavage by potassium in dimethoxyethane. 18 The main 
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products of reduction of benzyl phenyl sulfide with potassium in dimethoxyethane are 
benzene, toluene, thiophenol, and hydrogen sulfide, (2).18 Similarly, thiophene, benzo-
thiophene, and dibenzothiophene also react with alkali metal.14-19 
K/DME H+ 
PhSCH Ph -------> ------> PhH + PhCH + PhCH CH Ph + PhSH (2) 2 3 2 2 
For example, dibenzothiophene undergoes carbon-sulfur bond cleavage with potassium in 
tetrahydrofuran to form thiophenol and biphenyl, (3). 19 In the single electrontransfer 
desulfurization reactions carried out in Stock's group (in which tetrahydrofuran was used 
as reaction solvent, potassium metal as single-electron reducing agent, and naphthalene 
was used as electron transfer agent), organic sulfur contents of three kinds of pyrite-free 
coals were reduced by 50-90%.36 
Although the desulfurization of coal with potassium metal and naphthalene in tetrahy-
drofuran had achieved great success, the usage of potassium metal, which is both expen-
sive and difficult to handle, limits its economical feasibility on a commercial scale. 
Recently, hydroxide ion has been indicated to be an effective single-electron reducing 
agent in a suitable reaction medium.23•24 In aprotic solvents, hydroxide ion reacts with 
elemental sulfur to give the trisulfur anion radical s3·-, (4). 
(4) 
In this case, hydroxide ion acts as a single-electron donor and elemental sulfur functions 
as the electron acceptor.25•26 Major peaks attributed to S3·- in the visible absorption spec-
4 
trum were observed (in Me2SO, 618 nm; in MeCN, 612 nm; in DMF, 618 nm) when 
tetrabutylammonium hydroxide was combined with elemental sulfur.25 Also, it has been 
reported that, in aprotic reaction media (acetonitrile or dimethyl sulfoxide), hydroxide ion 
reacted with anthraquinone to form a semiquinone anion radical, ( 5,6 ).25 
HO o-
kl 
AQ + OH- <======> (5) 
0 
k2 ~ 
AQ + AQ(OHt -------> AQ-· + ---> 
0 
[AQ(OH)] 
1/2 [AQ(OH)]2 ---> AQ + 1/2 H20 2 (6) 
Because of the great success of alkali metal single electron transfer reactions for desulfur-
ization of coal and the chemical and economic appeal of simple hydroxide ion as single 
electron transfer reagent, the idea of replacing the potassium metal by inexpensive hy-
droxide ion reagent as the single-electron donor in desulfurization has been systematical-
ly investigated in this study. 
Desulfurization reactions using soluble metallic reagents also appear to be a promising 
chemical strategy for pre-combustion coal desulfurization. The removal of organic sulfur 
from thiophenes in the petroleum industry by catalytic hydrodesulfurization is a mature 
technology. However in this reaction system the desulfurizing reagent needs to be able to 
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penetrate into the coal matrix. The catalysts used in the petroleum industry were heterog-
enous, and were unable to penetrate along with the reaction solvent. So this kind of 
homogeneous systems has been investigated in several groups.21-30 However these 
systems either require very expensive late transition metals such as Rh, Ir, or Pt or have 
not been shown to be capable of carrying out every step of the desulfurization process 
with a single reagent. 
"Nickel Boride" reagent has drawn great attention for the purpose of desulfurization of 
organosulfur model compounds. ~In the Wynberg group, "Nickel Boride" reagent was 
prepared by treating NiC1z with NaBH4 in aqueous alcohol,31 and it converts dialkylthio-
phenes to cis/trans mixtures of alkenes, (7). 
t7J 
In terms of the mechanism of the "Nickel Boride" system for desulfurization, C.A. Brown 
considered the actual reagent prepared by NaBH4 reduction of nickel acetate to be N~B, 
perhaps an alloy of metallic nickel and boron which acted as a catalyst for the addition of 
gaseous hydrogen added from an external source.3233 In the Truce group, the "Nickel 
Boride" reagent was prepared from NiC1z and was considered to be finely divided metal-
lic nickel coated with molecular hydrogen generated in situ.34 In contrast to the method 
developed by Wynberg in which the "Nickel Boride" reagent was generated in the 
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presence of desulfurization substrate without an external source of hydrogen, Brown and 
Truce isolated the prepared nickel boride and used it with the addition of gaseous hydro-
gen added from an external source. An X-ray diffraction study showed the composition 
of material formed by the Truce procedure to be amorphous, and after recrystallization at 
250°C it gave an X-ray pattern for Ni3B containing some metallic nickel.The actual 
desulfuring "Nickel Boride" reagents are presumed to be nickel-boron alloy with different 
compositions of nickel and boron. The nickel boride reagent developed by Wynberg was 
more interesting to us because it can be generated in the presence of a reaction substrate 
without the addition of gaseous hydrogen from an external source. 
In addition to the "Nickel Boride" reagents developed by Wynberg, Brown, and Truce et 
al., a homogeneous nickel reagent formed by LiAlH4 reduction of nickellcene (biscyclo-
pentadienyl nickel(O)) has recently been shown to desulfurize dibenzothiophene and other 
organosulfur compounds under mild conditions. 35 Based on the idea of the homogenous 
nickel reagent, in this study, a soluble chlorovinyl nickel complex 
[NiCI(CCl=CC12)(PPh3) 2] has been developed, which might be considered to be an effec-
tive precursor for a desulfurizing reagent. The soluble chlorovinyl nickel complex can be 
formed when NiC12 is reduced with NaBH4 and carbon tetrachloride in the presence of 
triphenylphosphine in ethanol, (8), or can be formed in high yield from NiC1z(PPh3) 2, (9) 
and (10). And the relationship between the chlorovinyl nickel complex with the actual 
CH3COOH 
NiC1z *6H20 + 2 PPh3 --------------> NiC12(PPh3)2 (8) 
room temp. 
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EtOH/reflux 
NiCl *6H 0 + 2 PPh ---------------> NiCl (PPh ) (9) 2 2 3 2 32 
EtOH/N/50°C . 
-----------------------> NiCl(ClC=CC12)(PPh3)2 (10) 
desulfurizing reagent (nickel boride as developed by Wynberg) is currently unclear. 
Even more attractive than nickel-based systems for coal desulfurization are those based 
on iron or aluminum reagents which might be generated in situ from minerals already 
present in coal. Rauchfuss has recently shown that Fe3(C0)12 can desulfurize dibenzo-
thiophene under certain conditions. 29 The significance of this work is that it demonstrates 
that low valent iron compounds are capable of desulfurization reactions. So, in this 
study, the possibility of a Fe(C0)5-NaBH4 or NaOH system for desulfurization has been 
investigated. Dibenzothiophene, benzothiophene, benzyl sulfide were used as desulfuri-
zation targets. 
8 
Chapter II 
Experimental 
A. General Considerations 
Materials. The reagents used in this work such as dibenzothiophene, benzyl phenyl 
sulfide, elemental sulfur, iron pentacarbonyl, tetrabutylammonium hydroxide in water or 
in methanol were obtained from Aldrich Chemical Company. Dibenzothiophene was 
recrystallized from ethanol. Elemental sulfur was recrystallized from toluene. Coal 
samples were obtained from the Illinois Basin Coal Sample Program (C. Kruse, Illinois 
State Geological Survey). Coal samples were preserved in a glove bag under nitrogen. 
Coal tetrahydrofuran-soluble fractions were prepared following the procedure described 
by Buchanan.37 The solvents that were used for the reactions were carefully purified 
before use. Tetrahydrofuran was distilled from sodium metal and benzophenone under 
nitrogen; toluene was distilled from sodium metal. Dimethyl sulfoxide was dried over 
calcium hydride and vacuum distilled. Elemental analyses were done by Galbraith 
Laboratories, Inc. 
Instrumentation. The products of single electron transfer reactions of elemental sulfur 
with tetrabutylammonium hydroxide in methanol were analyzed with a Shimadzu 3100-
UV NIS Spectrophotometer (with CPS-260 Cell Positioner and CPS Temperature Con-
troller as accessories). The products of desulfurization reactions of organosulfur model 
compounds using potassium metal/tetrahydrofuran system and iron pentacarbonyVsodium 
hydroxide or sodium borohydride system were analyzed with a Beckman High Pressure 
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Liquid Chromatograph using a 250 x 4.6mm Alltech 5U C18 reverse phase column pro-
tected by a 40 x 4.5mm guard column and was connected to a Beckman Model 112 
pump, a Rheodyne 125 injector and a Schoeffel Spectroflow Monitor SF 770 variable 
wavelength UV detector set at 254 nm. The eluent used was 75% methano~O with a 
flow rate of 0.90 mL/min. The reactions of dibenzylthiophene or benzyl phenyl sulfide 
with hydroxide ion were analyzed with a Hewlett-Packard Model 5890 Gas Chromato-
graph (30m x 0.53mm Alltech SPB-5 column and flame ionization detector using nitro-
gen as a carrier gas). The temperature program for dibenzylthiophene was: initial tem-
perature, 100°C; initial time, 1 minute; ramp, 20°C/minute; final temperature, 200°C; 
final time, 1 minute. The temperature program for benzyl phenyl sulfide was: initial 
temperature, 50°C; initial time, 1 minute; ramp, 40°C; final temperature, 210°C; final 
time, 1 minute. All nuclear magnetic resonance spectra were recorded on a General 
Electric Model QE-300 FT-NMR Spectrometer. All infrared spectra were recorded on 
Nicolet 20DX-B Infrared Spectrometer. The cyclic voltammatric data were obtained 
with a EG & G PARC Model 173 Potentiostat/Galvanostat connected with a PARC 
Model 175 Universal Programmer. Platinum electrodes were used as working and auxil-
iary electrodes, and saturated sodium chloride electrode (SSCE) was used as reference 
electrode. All melting points were determined with Fisher-Johns Melting Point Appara-
tus. 
B. Synthesis of NiCliPPh3)2 
(i) Method 138 
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A solution of NiC12 *6(H20) (2.3961 g, 10.080 mmol) in water (2 mL) was diluted 
with glacial acetic acid (50 mL), and triphenylphosphine (5.2906 g, 20.171 mmol) in 
glacial acetic acid (25 mL) was added at room temperature. The dark-green mix-
ture was stirred for 24hours, and then filtered and washed with glacial acetic acid to 
produce dark green crystals. The reaction product was dried in a vacuum desicca-
tor at 250 Hg/um and room temperature overnight. Product weight: 5.3251 g; 
yield: 80.7%; decomposition point: 246-248°C; (lit. 249°C).38 
(ii) Method II39 
NiC12 *6(H20) (2.9758 g, 12.518 mmol) was dissolved in absolute ethanol (40 mL), and 
the solution was concentrated by rotary evaporatoration to dryness. This procedure was 
repeated once more and then the residue was dissolved in absolute ethanol (150 mL) and 
treated with triphenylphosphine (6.5506 g, 24.975 mmol) at room temperature. The 
mixture was heated to reflux and stirred for 3 hours, cooled to room temperature, filtered, 
washed with absolute ethanol to give dark green crystals, which were dried under vacuum 
at 250 Hg/um and room temperature overnight. Product weight: 5.4986 g; yield: 67 .2%; 
decomposition point:249-250°C; (lit. 249°C).39 
C. Synthesis of NiCl(CIC:CCl2)(PPh3)2 from NiCl2(PPh3)2• NiC12(PPh3) 2 (1.0052 g, 
1.537 mmol) and tetrachloroethylene (1 mL, 9.787 mmol) were dissolved in ethanol (20 
mL), the solution was stirred, nitrogengas bubbled through it for one half hour and then 
NaBH4 (0.2462 g, 6.478 mmol) was added to the solution while keeping the temperature 
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around 50°C. After the addition, the mixture was stirred for 1 hour. The product was 
cooled, filtered, washed with ethanol and recrystallized from dichlo 
romethane/ethanol(l: 1). Product weight: 0.4709 g; yield: 40.8%; decomposition point: 
187-188°C. (no literature value of the decomposition point is available) Elemental analy-
sis: Found, C 61.22%; H 4.36%; Cl 18.96%. Calculated, C 60.93%; H 4.04%; Cl 
18.93%. 1H NMR (CDC13 as solvent): Two multiplets 7.4 - 7.75 ppm (Figure l); 31P 
NMR (CDC13 as solvent): Singlet 22.0 ppm (Figure 2), (Lit. 22.0 ppm).4° FT-IR as a 
KBr pellet, strong bands at: 1483, 1434, 703, 696, 523, 513 cm-1 (Figure 3). 
D. Desulfurization of dibenzothiophene using potassium metal/tetrahydrofuran. A 
general procedure for two desulfurization reactions of dibenzothiophene using potassium 
metal/tetrahydrofuran is described. One reaction is with the addition of naphthalene 
(0.2020 g, 1.576 mmol) and another is without any addition of naphthalene. Dry, dis-
tilled tetrahydrofuran (100 mL) and potassium metal (2.90 g, 74 mmol) were placed in a 
3-necked 250 mL flask. After 30 minutes of stirring under nitrogen, the reaction mixture 
became greenish black. The organosulfur model compound was added and the reaction 
mixture was heated to reflux under nitrogen for 24 hours, after which the reaction mix-
ture was cooled in an ice-bath and acidified with saturated ammonium chloride solution 
to pH 6-7. The tetrahydrofuran was evaporated off, the residue was extracted with 
methylene chloride, and the combined organic layers were dried overnight with anhy-
drous sodium sulfate. The reactants and products were analyzed by HPLC (Figure 4 & 
5). 
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E. Desulfurization of coal tetrahydrofuran soluble fractions using potassium 
metal/tetrahydrofuran. A general procedure for the desulfurization of coal tetrahydrof-
uran-soluble fractions using potassium metal/tetrahydrofuran is described. The substrates 
were tetrahydrofuran extracts of the Illinois Basin Coal-105, -106, and -108. Naphtha-
lene was added in some of these reactions. Dry, distilled tetrahydrofuran (50 mL) and 
potassium metal (1 g, 27mmol) were placed in a 250 mL 3-necked flask together with 
coal tetrahydrofuran-soluble fractions (around 0.4 g). The reaction mixture was heated to 
reflux under nitrogen for 24 hours, where upon fresh potassium metal (1 g, 27 mmol) was 
added and the reaction mixture kept at reflux for another 24 hours. After a total of 48 
hours of reaction, the reaction mixture was cooled in an ice bath, acidified with saturated 
ammonium chloride solution to pH 6-7, and tetrahydrofuran was removed. The residue 
was extracted with methylene chloride, and the combined organic layers were dried with 
anhydrous sodium sulfate overnight. The solvent was evaporated and products were 
vacuum-dried at 250 Hg/um and 100°C overnight. Reaction products were analyzed by 
Ff-IR (Figure 6-12) and elemental analysis (Table 1). 
F. Desulfurization of organosulfur model compoundsusing iron pentacarbonyl with 
sodium borohydride or sodium hydroxide. A general procedure for desulfurization of 
organosulfur model compounds using iron pentacarbonyl with sodium borohydride or 
sodium hydroxide is described. The organosulfur model compounds used in these reac-
tions were dibenzothiophene, benzyl sulfide, and benzothiophene, respectively. To a 
stirred mixture of the reducing agent (NaOH or NaBH4: 7.6 mmol) and the organosulfur 
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model compound (1 mmol) was added iron pentacarbonyl (7 .6 mmol); gas evolved in-
stantly, and the reaction mixture became orange and finally violet-red. The reaction 
mixture was heated to reflux for 24 hours under nitrogen, whereupon the reaction mixture 
was acidified and the reaction solvent was removed. The products were extracted with 
methylene chloride and the combined extracts were dried over anhydrous sodium sulfate. 
The reaction products were analyzed by HPLC (Table 2 and Figure 13-20). 
G. Single electron transfer reactions of elemental sulfur. A general procedure for the 
single electron transfer reactions of elemental sulfur with tetrabutylammonium hydrox-
ide is described. The reaction solvents used were acetonitrile and dimethyl sulfoxide, 
respectively. The solvent (20 mL) and elemental sulfur (0.0010 g, 0.031 mmol) were 
placed in a 50 mL round-bottom flask. After the reaction solvent was degassed with 
dinitrogen for about 30 minutes, tetrabutylammonium hydroxide (1 mL, IM in methanol) 
was injected and the reaction mixture became greenish blue. The reaction mixture was 
stirred under nitrogen for 5 minutes, then 2 mL of the reaction mixture was taken out by 
syringe for UVNIS analysis (Figure 21-22). 
H. Desulfurization of dibenzothiophene using tetrabutylammonium hydroxide in 
methanol as the reducing agent. Dimethyl sulfoxide and acetonitrile were used as 
solvents, respectively. The solvent (30 mL) and dibenzothiophene (1 mmol) were placed 
in a two-necked round-bottom flask. After the reaction solvent was degassed with dini-
trogen for about 30 minutes, tetrabutylammonium hydroxide in methanol (3 mL, 1 M) 
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was injected. The reaction mixture was heated to reflux under nitrogen for 24 hours, 
whereupon another 3 mL of tetrabutylammonium hydroxide in methanol was injected, 
and the heating was continued for another 24 hours. After a total of 48 hours of reaction, 
the reaction mixture was acidified with dilute HCl and extracted with methylene chloride. 
The combined extracts were washed with water and dried over anhydrous sodium sulfate. 
The products were analysed by gas chromatography (Figure 23 & 24). 
I. Desulfurization of dibenzothiophene in toluene using tetrabutylammonium 
hydroxide in water. Toluene (40 mL) and dibenzothiophene (1 mmol) were placed in a 
two-necked round-bottom flask equipped with a Dean-Stark trap. After the reaction 
solvent was degassed with dinitrogen for about 30 minutes, tetrabutylammonium hydrox-
ide in water (6 mL, 9 mmol) was injected. The reaction mixture was kept at reflux under 
nitrogen. Water was collected in the Dean-Stark trap during the reaction period. After 24 
hours the reaction mixture was cooled and washed with dilute HCl three times, and the 
organic layer was dried over anhydrous sodium sulfate. The reaction products were 
analyzed by gas chromatography (Figure 25). 
J. Desulfurization of dibenzothiophene using tetrabutylammonium hydroxide in 
methanol as reducing agent and toluene as solvent. Toluene ( 40 mL) and dibenzothi-
ophene (1 mmol) were placed in a two-necked round-bottom pot flask of a simple distilla-
tion apparatus. After about 30 minutes of purging with nitrogen, tetrabutylammonium 
hydroxide in methanol (10 mL, 10 mmol) was injected. The reaction mixture was heated 
15 
to reflux under nitrogen with the initial temperature of vapor recorded at 64°C. After 
about 30 minutes at reflux at 65°C, the temperature of the reaction system dropped with a 
small amount of liquid being collected. The reaction apparatus was switched to that for 
normal refluxing. The reaction mixture was kept at reflux under nitrogen for 24 hours, 
cooled and washed with dilute HCl three times, and the organic layer was dried over 
anhydrous sodium sulfate. The reaction products were analyzed by gas chromatography 
(Figure 27). 
K. Desulfurization of organosulfur model compounds with potassium 
hydroxide/18-crown-6/n-butyllithium. A general procedure for desulfurization of 
organosulfur model compounds with potassium hydroxide/18-crown-6/ n-butyllithium is 
described. The organosulfur model compounds were dibenzothiophene and benzyl 
phenyl sulfide, and the solvents used were toluene and dimethyl sulfide. The solvent ( 40 
mL), organosulfur model compound (0.5 mmol), potassium hydroxide (5 mmol), and 
18-crown-6 (5 mmol) were placed in a three-necked round-bottom flask. After the reac-
tion mixture was degassed with dinitrogen for about 30 minutes and cooled below 10°C, 
n-BuLi (1 mL, 2.5 Min hexane) was injected. The reaction mixture was stirred for 1 
hour under nitrogen at room temperature, heated at reflux for 24 hours, cooled, washed 
with dilute HCl three times, and the organic layers were dried over anhydrous sodium 
sulfate. The reaction products were analyzed by gas chromatography (Figure 28-30). 
L. Cyclic voltammetry of elemental sulfur and dibenzothiophene. The working 
16 
electrode (Pt) was polished and cleaned before use. Acetonitrile with 0.1 M tetrabu-
tylammonium hexafluorophosphate (TBAH) in it was used as the working solvent. 
Before scanning, the solvent was purged with nitrogen. The system worked with a scan-
ning speed at 100 mV/sec. and a scanning cycle from 0 to -2 V, then finally to 0 V. 
Cyclic voltammetric data of elemental sulfur and dibenzothiophene were obtained 
(Figure 35 & 36). 
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Chapter III 
Results and Discussion 
A. Desulfurization of dibenzothiophene and coal tetrahydrofuran soluble fractions using 
potassium metal/tetrahydrofuran. 
Single electron transfer desulfurization reactions presumably proceed by a radical reac-
tion pathway as follows, (11)-(16). 36 
initiation 
electron donor-<==> donor+ e- (11) 
ArSAr + e- <==> ArsAr-- (12) 
propagation 
ArSAr·- <==> Ar· + Ars- (13) 
Ar- + Nuc- --> ArNuc·- (14) 
ArNuc·- + ArSAr <==> ArSAr·- + ArNuc (15) 
termination 
Ar-+ H donor--> ArH +donor (16) 
In the initiation step of the single electron transfer reaction the electron coming from the 
electron donor reagent is an one-electron reductant. So the concentration of the solvated 
electron is as important as that of the electron donor reagent to the efficiency of the elec-
tron transfer process. In the single electron transfer desulfurization reactions of pyrite-
free coals using potassium metal/tetrahydrofuran carried out by previous workers, there 
was a great difference between the reactions with and without the addition of naphtha-
18 
lene. 36 The addition of naphthalene had obviously increased the reduction of the sulfur 
content of the pyrite-free coal samples. The desulfurization reactions of coal using potas-
sium metal in tetrahydrofuran without the addition of naphthalene were unsuccessful 
presumably because of the low concentration of the solvated electron in the reaction 
system. According to Sternberg, the naphthalene added to the reaction system acted as 
an electron-transfer agent to shuttle the electrons from solid potassium to the insoluble 
coal, (17), (18);41 in other words, the naphthalene anion radical replaced the solvated 
K(s) + C10H8(1HF) <==> K+ + C10H8·-(THF) (17) 
K+ + C10H8·-(1HF) + coal(s) <==> 
coal(sY + K+ + C10H8(1HF) (18) 
electron as the actual electron donor in the reaction system. Potassium metal/tetrahydrof-
uran system at 67°C for 24 hours followed by quenching with ammonium chloride solu-
tion completely converted dibenzothiophene to biphenyl (Figure 4 & 5). The addition of 
naphthalene as an electron transfer agent was unnecessary for desulfurization of dibenzo-
thiophene using the potassium metal/tetrahydrofuran system. Compared to the great 
importance of naphthalene in the desulfurization of coal by the potassium metal/tetrahy-
drofuran system,36 obviously dibenzothiophene, or biphenyl which is the desulfurized 
product of dibenzothiophene, was acting as the electron transfer agent. Table 1 
summarizes the desulfurization reactions of tetrahydrofuran soluble fractions of Illinois 
Basin Coal-105, -106, and -108. The potassium metaVtetrahydrofuran system was ap-
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plied to the tetrahydrofuran soluble extracts of Illinois Basin Coal-105, one reaction being 
with the addition of NiCl(CCl=CC12)(PPh3)2, and the other without, Table 1. The addi-
tion of the chlorovinyl nickel complex did increase the percent of sulfur removal from 
tetrahydrofuran extracts of coal from 82.5% to 85.6%. This indicates that the major role 
of the chlorovinyl nickel complex was likely as a possible catalyst precursor, which 
maybe related more to "nickel boride" chemistry than as an electron transfer agent. The 
coal compounds in the tetrahydrofuran extracts may act as electron transfer agents by 
themselves. This is reasonable since the coal compounds in the tetrahydrofuran soluble 
fractions have a significant aromatic content. 42 
B. Desulfurization of organosulfur model compounds using iron pentacarbonyl with 
sodium borohydride or sodium hydroxide. 
Table 2 summarizes the desulfurization reactions of dibenzothiophene, benzothiophene, 
and benzyl sulfide using iron pentacarbonyl with sodium borohydride or sodium hydrox-
ide in alcohol solvents. It has been shown that both NaBH4 and NaOH in alcohol sol-
vents reacting with iron pentacarbonyl lead to the active H-Fe(C0)4- species, (21, 22).43 
This is an appealling idea in that the minerals found in coal (such as iron 
Fe(C0)5 + BH4- --> Fe(C0)4CHo- + BH3 
Fe(C0)4CHQ- --> HFe(C0)4-+CO (21) 
Fe(C0)5 +OH---> Fe(C0)4COQH-
Fe(C0)4COQH- --> HFe(C0)4- + C02 (22) 
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salts) might be transferred into homogenous reactive desulfurization reagents in situ. The 
fact that simple and inexpensive hydroxide ion could serve as the reducing agent to 
produce an iron based reagent makes this idea even more attractive. In this study, both 
sodium borohydride and sodium hydroxide have been used as reducing agent which 
reacted with iron pentacarbonyl to produce the iron-based reagent; dibenzothiophene, 
benzothiophene and benzyl sulfide were used as desulfurization targets. In no case was 
there any significant conversion of organosulfur model compounds to desulfurized 
hydrocarbon products (Figure 13-20); most of the starting materials were recovered. 
Unknown peaks were observed on HPLC graphs when dibenzothiophene was used as the 
starting material (Figure 13, 14, 16-18). These unknown peaks have the same retention 
time on HPLC graphs and were thought to be belong to a same unknown compound. The 
unknown compound had been separated from dibenzothiophene, which appeared to be a 
green crystal. The unknown compound turned from green to brown when it was heated 
to around 84°C, and it began to be shiny when the temperature reached 150°C. The FT-
IR and Be NMR data of the unknown compound were obtained. The FT-IR (CH2Cl2 as 
background) had major bands at 2048, 2021, and 1994cm-1 (Figure 31). The Be NMR 
(CDC13) had only one peak at 211.713 ppm (Figure 32). Comparing to the FT-IR and Be 
NMR data of iron pentacarbonyl (the FT-IR of iron pentacarbonyl had bands at 2021 and 
1994 cm-1, but without the band at 2048 cm-1 (Figure 33); the Be NMR (CDC13) of iron 
pentacarbonyl had one peak at 210.200 ppm (Figure 34), which was slightly apart from 
the peak of the unknown compound in chemical shift), the unknown compound is thought 
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to be probably some kind of iron complex with high symmetry (only one peak in 13C 
NMR) or just an inorganic iron salt with traces of iron pentacarbonyl contamination.From 
the HPLC data of the desulfurization reactions of organosulfur model compounds using 
iron pentacarbonyVsodium borohydride or sodium hydroxide(Figure 13-20), no desulfur-
ized or partially desulfurized products were observed. No effective interaction (electron 
transfer process) between the iron based reagent and the organosulfur model compounds 
was thought to have occurred. 
C. Desulfurization of dibenzothiophene using tetrabutylammonium hydroxide. 
The chemistry for hydroxide ion ("OH) includes the single electron transfer reaction 
whereby hydroxide ion acts as a one-electron reducing agent, (23).-44 The redox potential 
of the ·oHlOH couple is largely influenced by the solvation energy of the -oH anion. 
~ 
OH· + Acceptor <===> OH + Acceptor- (23) 
The increase in the ionization energy for -oH from 1.8 eV in the gas phase to 6.2 eV in 
water45 attests to its large solvation energy and to its dramatic deactivation as a base and 
nucleophile in water.46.47 Howe~er, the situation improves in aprotic solvents.23 Hydrox-
ide ion is a stronger base and a better single-electron donor in acetonitrile and dimethyl 
sulfide than in water, because these aprotic solvents give solvation energies for the 
hydroxide ion that are 20-25 kcaVmol (around 1 eV) less than that in water.48 Thus, 
reduced solvation of the hydroxide ion decreases its ionization energy and causes it to 
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have a more negative redox potential and to be a stronger electron donor (the solvation 
energies of the hydroxide radical ·OH are small,45 so that the large changes in redox 
potential are due primarily to the solvation of the anions). 
In aprotic solvents, hydroxide ion has been shown to be an excellent single electron trans-
fer agent in which elemental sulfur acted as the electron acceptor.25 Trisulfide anion 
radical (S3·-) could be easily produced when tetrabutylammonium hydroxide was mixed 
with elemental sulfur (Figure 21 & 22). The major absorbances for S3·- were at 618.5 and 
612.5 nm for the solvents dimethyl sulfide and acetonitrile, respectively (lit.: dimethyl 
sulfide, 618 nm; acetonitrile, 612 nm).25 The facility of this reaction is illustrated by the 
use of methanol or aqueous solutions of tetrabutylammonium hydroxide as the source of 
OH-. These are not strictly aprotic conditions, yet the single electron transfer reaction 
occurs. 
The hydroxide ion reagent was studied as a possible desulfurization reagent for organo-
sulfur model compounds. It had been expected that the organosulfur model compounds 
could accept an electron from the hydroxide ion as did the elemental sulfur, (23), which 
could then react further, following the reaction sequence depicted by (13)-(16). Table 3 
summarizes the desulfurization reactions of organosulfur model compounds using tetrab-
uty lammonium hydroxide. Few desulfurized products were obtained (Figure 23-27). 
The strong solvation effects of the methanol and water, which were brought into the 
reaction system by the tetrabutylammonium hydroxide reagent (the tetrabutylammonium 
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hydroxide reagents used in this study were purchased as solutions in methanol or water), 
have been thought to be the cause for the failure of these desulfurization reactions. Ef-
forts were made to improve the situation. A Dean-Stark trap was used to remove the 
water when tetrabutylammonium hydroxide used was in water solution; methanol was 
evaporated from the reaction system when tetrabutylammonium hydroxide in methanol 
was used. Despite these efforts, the desulfurization reactions using tetrabutylammonium 
hydroxide still failed. 
Pertaining to a single electron transfer reaction, the feasibility of the electron transfer 
process depends mainly on the relative stability of the donor and the acceptor; more 
strictly speaking, it depends mainly onboth the relative redox potential of the donor-
/donor- couple and that of the acceptor/acceptor·- couple,(24). 
Donor-+ Acceptor <===> Donor+ Acceptor- (24) 
The more positive the redox potential of the donor couple, or the more negative the 
redox potential of the acceptor couple, the easier it is for the electron transfer process 
above (from right to left) to happen. When two similar electron transfer processes have 
the same electron donor and the same reaction solvent, the relative feasibilities of these 
two processes are controlled by the relative redox potentials of the acceptor/acceptor-
couples. The cyclic voltammetric data of both dibenthiophene and elemental sulfur in 
acetonitrile were obtained (Figure 35 & 36). Elemental sulfur was reduced at -0.93 V, 
but the cyclic voltammetry curve of dibenzothiophene showed no peak up to -2 V. The 
electrochemistry results indicate that elemental sulfur is much easier to reduce than 
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dibenzothiophene; in other words, elemental sulfur is a much better electron acceptor 
than dibenzothiophene. The experimental results of electrochemistry and that of the 
single electron transfer reactions are very much in line with each other. 
D. Desulfurization of organosulfur model compounds using potassium 
hydroxide/18-crown-6/n-butyllithium system. 
N-Butyllithium is known to be a very strong base.46 In Stock's group, n-butyllithium has 
been used along with potassium tert-butoxide (in a ratio of 1: 1) as an effective C-alkyla-
tion reagent, which is conveniently designated as Lochmann' s base. 46 In this study, 
potassium hydroxide pellets were used in the desulfurization reactions of organosulfur 
model compounds as the source of the single electron transfer agent and the n-butyllithi-
um was used as a drying agent, which could hopefully remove any trace of water brought 
into the reaction system by the potassium hydroxide pellets. The purpose for the addition 
of 18-crown-6 ether to the reaction system was to try to accelerate the desulfurization 
reaction by complexing the potassium cations and dissociating them from the anion 
radicals which were expected to form. Desulfurized products such as biphenyl, bibenzyl 
and phenol were observed when benzyl phenyl sulfide was the starting material of the 
desulfurization reactions, (25). 18 In contrast, no desulfurized products were 
K/DME H+ 
PhSCH Ph ------> ---> PhH+PhCH +PhCH CH Ph+PhSH (25) 2 3 2 2 
obtained when the starting material was dibenzothiophene. The formation of bibenzyl 
from the desulfurization of benzyl phenyl sulfide is not surprising because of the great 
25 
stability of the benzyl radical,s1 if the benzyl radical is considered to be one of the reac-
tion intermediates. Dissociation energies (D values) of R-H bonds provide a measure of 
the relative stability of free radicals R. The higher the D value, the less stable the 
radical.SI According to the D values provided by Walling, so the D value of benzyl (77.5 
kcal/mole) is much lower than that of phenyl (102 kcal/mole). The high stability of benzyl 
radical could be the explanation of the difference between the desulfurization reaction of 
benzyl phenyl sulfide and dibenzothiophene, from which a phenyl-like radical ( ) 
would form at the initiation step if the electron transfer process had happened. 
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Chapter IV 
Conclusion 
Both dibenzothiophene and coal tetrahydrofuran extracts achieved great success in desul-
furization using potassium metal/tetrahydrofuran without any electron transfer agent. 
The dibenzothiophene and coal tetrahydrofuran extracts act as the electron transfer agent 
by themselves. 
[H-Fe(C0)4r produced from iron pentacarbonyl by reaction with sodium hydroxide or 
sodium borohydride in the presence of dibenzothiophene, benzothiophene, or benzyl 
sulfide, led to no desulfurization and large amounts of unreacted starting material. 
Tetrabutylammonium hydroxide reacts with elemental sulfur in aprotic solvents to pro-
duce trisulfide anion radical, easily following a single electron transfer pathway. In 
contrast, reactions of tetrabutylammonium hydroxide with dibenzothiophene in aprotic 
solvents resulted in large amounts of unreacted starting material and gave little evidence 
that single electron transfer process had happened. The large, negative reduction poten-
tial of dibenzothiophene ( <-2.0 V) compared to that of elemental sulfur (-0.93 V) is a 
likely explanation for the difference between these two systems. 
27 
Desulfurized products were produced by the reaction of benzyl phenyl sulfide using 
potassium hydroxide/n-butyllithium/18-crown-6 in dimethyl sulfoxide. On the other 
hand, no desulfurization of dibenzothiophene was observed using the same reaction 
system. The relative stabilities of benzyl radical and phenyl-like radical, which are 
considered to be the single electron transfer reaction intermediates, are thought to cause 
the difference. 
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Table 1. DESULFURIZATION OF COAL THF SOLUBLE FRACTIONS 
REAGENT IBC 
Coal 
%C 
DAF' 
%H 
DAF' 
%S 
DAF' 
Relative 
S Reduction 
------------------------------------------------------------------------------------------------------------------
None 105 78.79 
K/fHF 105 79.26 
K/fHF/NiLX* 105 69.02 
None 106 79.89 
K/fHF/NiLX* 106 68.99 
-------------
* Here NiLX stands for NiCI(CCl=CC12)(PPh3) 2 
# DAF means dry and ash free 
6.47 
9.28 
8.53 
6.55 
7.46 
3.76 
0.67 
0.54 
2.01 
0.33 
82.8 
85.6 
83.6 
Table 2. DESULFURIZATION OF ORGANOSULFUR MODEL COMPOUNDS USING 
IRON PENTACARBONYL 
Substrate# Reagent/Fe(C0)5 (mmol) (mmol) 
Solvent 
(mL) 
Time{femp. 
(hrs?C) 
Products* 
---------------------------------------------------------------------------------------------------
DBT (3) NaOH (7.6) n-BuOH (40) (2/118) DBT 
DBT (3) NaBH4 (7.6) n-BuOH (40) (2/118) DBT/unknown 
DBT (1) NaOH (7.6) n-BuOH (40) (24/118) DBT/unknown 
DBT (1) NaBH4 (7.6) EtOH (40) c2n8) DBT/unknown 
DBT (0.5) NaBH4 (7.6) EtOH (40) c24n8) DBT/unknown 
DBT (1) NaOH (7.6) EtOH (40) c2n8) DBT/unknown 
BS (1) NaOH (7.6) n-BuOH (40) (2/118) BS 
BT(l) NaOH (7.6) n-BuOH (40) (24/118) BT 
--------
# DBT, BS, and BT stand for dibenzothiophene, benzyl sulfide, and benzothiophene, respective 
ly. 
* Reaction products were analyzed by HPLC. 
Table 3. DESULFURIZATION OF DIBENZOTHIOPHENE USING TETRABUTYL-
AMMONIUM HYDROXIDE 
Substrate 
DBT 
(1 mmol) 
DBT 
(1 mmol) 
DBT 
(1 mmol) 
DBT 
(1 mmol) 
Reagent 
[B?4N]OH 
inMeOH 
(6 mmol) 
[B?4N]OH 
inMeOH 
(6 mmol) 
[B~,NJOH 
intt20 (9.3 mmol) 
[B?4N]OH 
inMeOH 
(10 mmol) 
Solvent 
DMSO 
(30mL) 
Toluene 
(40 mL) 
Toluene 
(40 mL) 
#Reaction products were analyzed by GC. 
* Only very small amount of biphenyl appeared. 
Products# 
DBT 
BP"' 
DBT 
BP"' 
DBT 
DBT 
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Figure 13 
HPLC of Products 
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Figure 14 
HPLC of Products 
DBT/NaOH/Fe(C0)5/BuOH 
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Figure 15 
HPLC of Products (with M~thyl Benzoate) 
DBT/NaOH/Fe(CO)s/BuOH 
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Figure 17 
HPLC of Products 
DBT/NaBH4/Fe(C0)5/EtOH 
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